− that decays into ψ π − and was first observed by the Belle collaboration in B 0 → ψ K + π − decays. Using a sample of approximately 25,000 signal events, LHCb determines the J P to be 1
Introduction
In 1964 Gell-Mann [1] , and separately Zweig [2] , proposed that hadrons were formed from fundamental point like fractionally charged objects now called quarks. For most of the last half-century all well established baryon's could be explained by being composed of three quarks and mesons a quark and an anti-quark. However, in the current decade there have been several observations of candidate mesonic states containing two quarks and two anti-quarks, called tetraquarks [3] , and now, as described here, the observation of two pentaquark candidate baryon states [4] . Such states were anticipated by Gell-Mann and Zweig. Predictions using theoretical mechanisms in Quantum Chromo-Dynamics (QCD) were made first by Jaffe in 1976 [5] for mesons, and others for baryons in 1978 [6, 7] . Several pentaquark observations made about ten years ago were all shown to be fallacious [8] . Thus, the recent observation of two states decaying into J/ψ p, charmonium pentaquarks, found in Λ 0 b → J/ψ K − p decays by the LHCb experiment is surprising. The Λ 0 b decay mode was first investigated because it was suggested that it could contribute to the background in suppressed B 0 → J/ψ K + K − decay that was being searched for and subsequently observed [9] . After its discovery it was used to precisely measure the Λ 0 b baryons lifetime [10] . However, one feature of the decay that was not addressed was an anomalous peaking structure in the J/ψ p invariant mass spectrum, evident in the Dalitz plot shown in Fig. 1 . While vertical bands correspond to Λ * → K − p resonances, the horizontal band can only rise from structures in the J/ψ p mass spectrum. They can also be seen in the invariant mass projections shown in One may wonder if the peaking in the J/ψ p mass distribution could be caused either by an experimental artifact or by a conspiracy of Λ * amplitudes. The investigations described here address these questions.
Analysis and results
For this study LHCb [11] used data corresponding to 3 fb −1 of integrated luminosity in 7 and 8 TeV pp collisions. The selection criteria are thoroughly described in the journal article [4] . Here I only give a brief summary. Events are kept (i.e. triggered upon) when they contain a J/ψ → µ + µ − decay that is detached from the origin of the primary pp collision.
Track combinations that form Λ 0 b → J/ψ K − p candidates are considered if the hadron candidates are positively identified in the RICH system and have significant impact parameters with respect to the primary pp interaction vertex. To reduce backgrounds transverse momentum, p T , requirements of > 500 MeV are imposed on muons and 250 MeV on hadrons. Requirements on the Λ 0 b candidate include a vertex χ 2 < 50 for 5 degrees of freedom, and a flight distance of greater than 1.5 mm. The vector from the primary vertex to the Λ 0 b vertex must align with the Λ 0 b momentum so that the cosine of the angle between them is larger than 0.999. Candidate µ + µ − combinations are constrained to the J/ψ mass for subsequent use.
Then a neural network [12] is used to reduce backgrounds while keeping the signal efficiency high. The variables used are the muon identification quality, the probability that both hadron tracks not point at the primary pp collision vertex, the scalar sum of the transverse momentum (p T ) of the two hadrons, and variables related to the Λ In addition, specific backgrounds from B 0 s and B 0 decays are vetoed. These can occur if the particle identification fails. We remove combinations that when interpreted as J/ψ K + K − fall within ±30 MeV of the B 0 s mass or when interpreted as J/ψ K − π + fall within ±30 MeV of the B 0 mass. This requirement effectively eliminates background from these sources and causes only smooth changes in the detection efficiencies across the Λ 0 b decay phase space. Backgrounds from Ξ b decays cannot contribute significantly to our sample. The resulting J/ψ K − p mass mass spectrum is shown in Fig. 3 . There are 26 007±166 signal candidates containing 5.4% background within ±15 MeV (±2 σ) of the J/ψ K − p mass peak. For subsequent analysis we constrain the J/ψ K − p four-vectors to give the Λ 0 b invariant mass and the Λ 0 b momentum vector to be aligned with the measured direction from the primary to the Λ 0 b vertices [13] . In this sample specific tracking artifacts were looked for including fake tracks assembled from mismatched upstream and downstream segments, and multiple reconstructions of the same track. Having found no source of tracking artifacts we proceeded to analyze the decay sequences represented by the Feynman diagrams shown in Fig. 4 . This endeavor requires a full analysis of the amplitude for each of the two decay sequences allowing for their mutual interference. The amplitudes are written using six independent variables; one is the invariant K − p mass, m Kp , the others are decay angles. These are shown for the decay sequence Fig. 5 . The Λ * resonances are modeled by Breit-Wigner amplitudes except for the Λ * (1405) for which a Flatte function is used [14] . All other masses, e.g. m J/ψ p , and decay angles can be determined from these six quantities.
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There are many Λ * states that can be considered, and several values of the angular momenta that could be present in each of their decays. Not all of these states are likely to be produced in our final state and not all of the allowable decay angular momenta (LS couplings) are likely to be present. In order to make the most general description possible we first use all the possible states and decay angular momenta; they are listed in Table 1 .
Then data are then fit to this model which has 146 free helicity couplings, even with the masses and widths of the resonant states fixed to their PDG values, done in order to allow the fit to converge. (Variations are considered later as part of the systematic uncertainties.) The results of the fit are shown in Fig. 6 . The fit gives a good description of the Λ * states as can be seen in the m Kp spectrum but fails miserably to reproduce the structure in m J/ψ p .
Not satisfied with using all the known Λ * states we tried several other different configurations: (i) we added all the possible Σ * states, (ii) we added two additional Λ * allowing their masses and widths to float in the fit and allowed spins up to 5/2 with both parities, and (iii) we added four non-resonant components with J P = 1/2 + , 1/2 − , 3/2 + , and 3/2 − . None of these fits explains the data, indeed the improvements were small. [15] . We take 5/2 − for the J P of the Λ(2585). The number of LS couplings is also listed for both the "reduced" and "extended" models. To fix overall phase and magnitude conventions, which otherwise are arbitrary, we fix the lowest angular momentum for the Λ(1520) decay. A zero entry means the state is excluded from the fit. Having failed to describe the data without a resonant state decaying into J/ψ p we added one. Now to do this we must write the matrix element for the decay sequence Λ In each fit we minimize −2 ln L where L represents the fit likelihood. The difference of ∆ ≡ −2 ln L between different amplitude models reflects the goodness of fit. For two models representing separate hypotheses, e.g. when discriminating between different J P values assigned to a P + c state, the assumption of a χ 2 distribution with one degree of freedom for ∆ under the disfavored J P hypothesis allows the calculation of a lower limit on the significance of its rejection, i.e. the p-value [16] . Therefore, it is convenient to express values of ∆ as n 2 σ , where n σ corresponds to the number of standard deviations in the normal distribution with the same p-value. When discriminating between models without and with P + c states, n σ overestimates the p-value by a modest amount. Thus, we use simulations to obtain better estimates of the significance of the P + c states. We perform separate fits for J P values of 1/2 ± , 3/2 ± and 5/2 ± . The mass and width of the putative P + c state are allowed to vary. The best fit prefers a 5/2 + state, which improves −2 ln L by 215. Figure 8 shows the projections for this fit. While the m Kp projection is well described, clear discrepancies in m J/ψ p remain visible.
The next step is to fit with two P + c states including their allowed interference. These fits were performed both with the reduced model and the extended model in order to estimate systematic uncertainties. Toy simulations are done to more accurately evaluate the statistical significances of the two states, resulting in 9 and 12 standard deviations, for Table 1 lower mass and higher mass states, using the extended model which gives lower significances. The best fit projections are shown in Fig. 9 . Both m Kp and the peaking structure in m J/ψ p are reproduced by the fit. The reduced model has 64 free parameters for the Λ * rather than 146 and allows for a much more efficient examination of the parameter space and, thus, is used for numerical results. The two P
where the systematic uncertainty is largely due to the normalization procedure, leading to the product branching fractions:
+1.38
where all the uncertainties have been added in quadrature.
The best fit solution has spin-parity J P values of (3/2 − , 5/2 + ). Acceptable solutions are also found for additional cases with opposite parity, either (3/2 + , 5/2 − ) or (5/2 + , 3/2 − ). The five angular distributions are also well fit as can be seen in Fig. 10 . The fit projections in different slices of K − p invariant mass are given in Fig. 11 . In slice (a) the P + c states are not present, nor should they be as they are outside of the Dalitz plot boundary. In slice (d) both P + c states form a large part of the mass spectrum; there is also a considerable amount of negative interference between them. This can be seen better by examining the decay angle of the P + c , θ P , the angle of the proton in J/ψ p rest frame with respect to the P + c direction transformed into its rest frame, shown in Fig. 12 for the entire m Kp range. The summed fit projections agrees very well with the angular distributions in the data showing that two interfering states are needed to reproduce the asymmetric distribution. * * It can be shown mathematically that the states need to be of opposite parity. Systematic uncertainties are evaluated for the masses, widths and fit fractions of the P + c states, and for the fit fractions of the two lightest and most significant Λ * states. Additional sources of modeling uncertainty that we have not considered may affect the fit fractions of the heavier Λ * states. The sources of systematic uncertainties are listed in Table 2 . They include differences between the results of the extended versus reduced model, varying the Λ * masses and widths, uncertainties in the identification requirements for the proton, and restricting its momentum, inclusion of a nonresonant amplitude in the fit, use of separate higher and lower Λ 0 b mass sidebands, alternate J P fits, varying the Blatt-Weisskopf barrier factor, d, between 1.5 and 4.5 GeV −1 in the Breit-Wigner mass shape-function, changing the angular momentum L by one or two units, and accounting for potential mis-modeling of the efficiencies. For the Λ(1405) fit fraction we also added an uncertainty for the Flatté couplings, determined by both halving and doubling their ratio, and taking the maximum deviation as the uncertainty.
The Further evidence for the resonant character of the higher mass, narrower, P + c state is obtained by viewing the evolution of the complex amplitude in the Argand diagram [15] . In the amplitude fits discussed above, the P c (4450)
+ is represented by a Breit-Wigner amplitude, where the magnitude and phase vary with m J/ψ p according to an approximately circular trajectory in the (Re A Pc , Im A Pc ) plane, where A Pc is the m J/ψ p dependent Table 2 : Summary of systematic uncertainties on P + c masses, widths and fit fractions, and Λ * fit fractions. A fit fraction is the ratio of the phase space integrals of the matrix element squared for a single resonance and for the total amplitude. The terms "low" and "high" correspond to the lower and higher mass P + c states. part of the P c (4450) + amplitude. We perform an additional fit to the data using the reduced Λ * model, in which we represent the P c (4450) + amplitude as the combination of independent complex amplitudes at six equidistant points in the range ±Γ = 39 MeV around M = 4449.8 MeV as determined in the default fit. Real and imaginary parts of the amplitude are interpolated in mass between the fitted points. The resulting Argand diagram, shown in Fig. 13(a) , is consistent with a rapid counter-clockwise change of the P c (4450) + phase when its magnitude reaches the maximum, a behavior characteristic of a resonance. A similar study for the wider state is shown in Fig. 13(b) ; although the fit does show a large phase change, the amplitude values are sensitive to the details of the Λ * model and so this latter study is not conclusive.
Models of pentaquark structure
All models must explain the J P of the two states not just one. They also should predict properties of other yet to be observed states: masses, widths, J P 's. There are many explanations of the P + c states. Let us start with tightly bound quarks ala Jaffe [5] . Early work [6, 7, 18] has been expanded upon recently using diquark models [19] . Here each pair of two quarks form a colored objects along with the lone antiquark. The three colors then form a colorless state, as illustrated in Fig. 14(left) .
Molecularly bound states, which also build on previous work [20] , have recently received much attention. Models trying to explain the states discussed here have already appeared [21] , and even been disputed [22] . A molecular state configuration is illustrated in Fig. 14(right) . Other attempts at explaining the data are based on concepts of rescattering [23] . These types of models were proposed to explain other resonances such as the a 1 (1260). These postdictions are made by constructing an amplitude that is consistent with the data in shape. They make no prediction of the magnitude of the amplitude, or its width, nor do they predict other final states where the phenomena could be encountered. Sometimes the phase motion is calculated.
The a 1 (1260) + saga is a good example even if it's 51 years old, indeed as old as the quark model. Track measurements from a bubble chamber experiment using 3.65 GeV incident beam π + mesons that reacted as π + p → π − π + π + were analyzed [24] . After restricting the data to have one π + π − mass combination consistent with the ρ 0 mass they obtained the Dalitz plot shown in Fig. 15(a) . Removing events in the low mass pπ − band, due to N * resonances, they were left with the resulting ρ 0 π + mass spectrum on the right. This can be explained by a higher mass a + 2 state and a new a + 1 state at lower mass. Soon after the experimental publication, a "kinematic" (or rescattering) explanation was brought forward by Deck [25] . I compare his amplitude shown in Fig. 16(b) with that of resonant a + 1 production shown in Fig. 16 (a) . In the Deck diagram the beam pion scatters off of a virtual pion producing a dipion pair plus an additional pion. Furthermore, the "Deck effect" amplitude could explain the shape of the ρ 0 π + mass spectrum as shown in Fig. 17 .
Over the next decade the a 1 was observed in different reactions and charged states (see for example [27] ). However, these were usually followed by appropriate "Deck effect" explanations. The situation did not become resolved until the a 1 was found in τ − lepton decays which settled the issue around 1977. Note that there were partial wave analyses done that supported the scattering interpretation of the a 1 enhancement [28] . The resonant nature of the a 1 proves that these analyses came to incorrect conclusions, so there was never a clear demonstration that Deck effect exists. Figure 17: Calculation of the ρ 0 π + mass spectrum using the "Deck effect" amplitude shown in Fig. 16(b) .
find that each J/ψ π − or ψ(2S)π − mass distribution is well-described by the reflection of the measured Kπ mass and angular distribution structures. We see no significant evidence for a Z(4430)
− signal for any of the processes investigated." Subsequently, in 2013 Belle performed a reanalysis using more data containing ≈2000 signal events, and employing a fit to the decay amplitudes using two decay sequences Using all 3 fb −1 of integrated luminosity available from LHC running in 2011 and 2012, the LHCb collaboration did a similar amplitude analysis with ≈25,000 signal events. The Dalitz plot and its projections are shown in Fig. 18 [32] .
The fit projections are shown in the other plots and are in good agreement with the rescattering of the D * 0 with the D + into ψ π + gives rise to a peak in the mass distribution and a large change in phase which, however, runs clockwise in the Argand plane rather than counterclockwise [34] . It is interesting to note that one such calculation shows no rescattering effect [35] . † See the discussion on the form of the Breit-Wigner amplitude used by both experiments in Ref. [32] . 
Conclusions
After a half century of waiting, pentaquark states have been unmasked. Using a full amplitude fit to the Λ 0 b → J/ψ K − p decay, the LHCb collaboration has demonstrated two states of opposite parties decaying into J/ψ p one having a mass of 4380 ± 8 ± 29 MeV and a width of 205 ± 18 ± 86 MeV, while the other has a mass of 4449.8 ± 1.7 ± 2.5 MeV and a width of 39 ± 5 ± 19 MeV. The parities of the two states are opposite with the preferred spins being 3/2 for one state and 5/2 for the other.
These states have appeared after the observation of several candidate tetraquark meson states. The state studied with a full amplitude analysis, the Z(4430) − , has a resonant amplitude with a phase change consistent with a Breit-Wigner shape as do the pentaquark candidates. The detailed binding mechanism of these states are subject to further studies. This work will lead to a better understanding of the strong interactions. Here lattice gauge calculations of the stability and masses of these states would be very useful. Previous theoretical models indicated that the presence of exotic states can modify the expected cooling rates of neutron stars [36] , especially for lighter mass states. Perhaps other implications will be revealed by further studies.
